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Abstract: We report on growth, temperature-dependent spectroscopy, and laser experiments
of Tm>*-doped YScO3 mixed sesquioxide crystals. For the first time, cm3-scale laser quality
Tm3*:YScO; crystals with 2.2 at.% and 3.1 at.% doping levels were grown by the Czochralski
method from iridium crucibles. We reveal that the structural disorder in the mixed crystals
allows for broad and smooth spectral features even at cryogenic temperatures. We obtained the
first continuous wave laser operation in this material at wavelengths around 2100 nm using a
laser diode emitting at 780 nm as a pump source. A maximum slope efficiency of 45% was
achieved using a Tm>* (3.1 at.%):YScOs crystal. Our findings demonstrate the high potential of
Tm3*-doped mixed sesquioxides for efficient ultrafast pulse generation in the 2.1 um range.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Tm3*-doped materials are attractive for highly efficient 2 um lasers and amplifiers with high
output power levels [1,2]. Tm>* ions exhibit their absorption band around 790 nm corresponding
to the transition from the 3Hg ground state multiplet into the *H, multiplet. This transition is
suitable for pumping by commercially available high-power AlGaAs laser diodes (LDs). At
sufficiently high doping concentrations, the ground state absorption of Tm3*-ions is followed by
a cross-relaxation process *Hy—3F4/*Hg—3Fy, resulting in two excited Tm>* ions into the upper
laser level >F, by only one pump photon. This “two-for-one” pumping scheme enables quantum
efficiencies close to 2 in materials where the cross-relaxation is highly resonant. In this way,
slope efficiencies up to ~80% were realized despite the low Stokes efficiency of only ~40% [3].

Tm3+-d0ped cubic sesquioxides (Tm3*:RE,03, RE = Lu, Y, or Sc) are excellent gain media due
to their superior spectroscopic and thermo-mechanical properties. Owing to their strong crystal
field, the emission band of the laser transition 3F4—>Hg extends to wavelengths exceeding 2100
nm, which is among the longest lasing wavelengths on this transition in Tm>*-doped materials [4].
The absence of reabsorption and water vapor absorption at such long wavelengths enables broad
effective gain bandwidths. This is desirable for ultrashort pulse generation. Besides, sesquioxide
materials exhibit high thermal conductivities [5] and comparably weak thermal expansion [6],
which facilitates efficient high-power laser operation. Nearly 50 W of output power at 59% slope
efficiency were demonstrated with Tm:Lu,O3 [4]. Therefore, sesquioxides are excellent host
materials for highly efficient, high-power continuous wave (cw) lasers [7—10] as well as ultrashort
pulse lasers [11-13].

The growth of the cubic rare-earth sesquioxides is challenging due to their extremely high
melting points exceeding 2350°C. The most established growth techniques to obtain high-quality

cm3-scale laser crystals are crucible-based. However, iridium, which is the most common crucible
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material for the growth of oxide crystals, is not suitable for such high temperatures. Rhenium is
the only available crucible material in this case. It sustains the high growth temperatures and
is chemically inert to melt at the required growth atmospheres. In fact, laser-quality cm?3-scale
sesquioxide crystals were successfully grown by the heat exchanger method (HEM) from rhenium
crucibles [14]. However, rhenium crucibles are difficult to fabricate and thus quite expensive.
Moreover, these are sensitive to oxygen in the growth atmosphere, which imposes significant
difficulties during the growth of high quality sesquioxide crystals.

In recent years, also sesquioxide laser ceramics gained attention. These can be fabricated at
sintering temperatures of only ~1700°C, which is considerably below their melting point. In
addition, the ceramics technology is especially suitable for materials with a cubic crystal structure
such as sesquioxides. There are several successful reports on the fabrication of Tm3*-doped
sesquioxide ceramics [15—19] as well as cw [20-22] and mode-locked lasers based on these
[23,24]. However, the fabrication of high quality sesquioxide ceramics is challenging, and their
laser efficiency does not reach the results obtained with single crystalline sesquioxides [25],
which can be partly attributed to a tendency for increased scattering at grain boundaries, pores,
and secondary phases introduced by sintering aids such as ZrO; or LiF [26,27].

Very recently, the phase diagram of mixed sesquioxide crystals was re-investigated [28],
and mixed sesquioxide crystal compositions with melting temperatures below 2150°C were
identified. This temperature range is suitable for the conventional Czochralski method using
iridium crucibles to grow large-size high-quality laser crystals. Up to now, mixed sesquioxide
crystals doped with Er** and Yb** have been successfully grown by the Czochralski method. and
using Yb**:YScOs3, highly efficient laser operation was demonstrated [29]. Furthermore, mixed
materials exhibit continuously broadened spectra due to inhomogeneous spectral broadening
caused by their disordered structure. This is attributed to a random distribution of Y>* and Sc3*
on the two cation sites in the cubic /a3 structure. The resulting broad and flat emission spectra
are ideal for short pulse generation by mode-locking technique [30,31]. Moreover, the broadened
absorption lines are useful for efficient diode pumping since LDs usually exhibit relatively
broad emission spectral bandwidths, and their operating wavelength varies with temperature and
operation current.

In this study, we report on the Czochralski growth and optical spectroscopy of Tm>*:YScO;
crystals and demonstrate the first diode-pumped laser operation in this material. Temperature-
dependent absorption and emission spectra and fluorescence lifetimes were measured to reveal the
potential for laser operation. Under pumping with a 780 nm LD, we obtained slope efficiencies
of up to 45% at a wavelength of 2.1 um using a Tm(3.1 at.%):YScOj3 crystal.

2. Crystal growth

Tm3*:YScOj3 crystals were grown by the Czochralski method from an iridium crucible. The
raw materials of TmyO3, Y03, and Sc,O3 powders with a purity of 99.999% (5N) were
prepared according to the composition (Tmg 02 Y0.495¢0.49)203 and (Tmg 028 Y0.4865¢0.486)203.
The detailed growth procedure is described in [28]. An Yb3* (0.4 at.%):YScOs3 crystal was
used as a seed crystal. The two as-grown crystals with different Tm>*-doping levels are
shown in Figs. 1(a, b). The actual composition of the grown crystals was determined to be
(Tm04022Y04472SC()_5()6)203 and (Tm04031Y04474SC0.495)203 by inductively coupled plasma optical
emission spectrometry (ICP-OES) at the top of the boule, from where all samples investigated
here were cut. With the segregation coefficient being close to unity and the fact that we only used
~1/3 of the initial melt for the growth of the crystals, the variation of the composition throughout
the crystal is estimated to be very low. The measured compositions indicate a segregation
coefficient slightly higher than unity for the Tm* doping ions and lower than unity for Y3*
host ions. The Tm>* (2.2 at.%):YScO; boule has a length of 55 mm and a diameter of 15 to
20 mm, while the Tm>* (3.1 at.%):YScOs3 has a length of 48 mm and a diameter of 17 to 18
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mm. The lower doped crystal grown in a static 100% argon atmosphere exhibits a brownish
coloration. To quantify the corresponding absorption, we performed transmission measurements
from the UV to the near-infrared spectral range using a dual-beam UV/Vis/NIR spectrometer
(Perkin Elmer, Lambda 1050) set to a resolution of 1 nm. The spectra shown in Fig. 1(c) are not
corrected for the Fresnel reflection of about 10% at each facet for the refractive index estimated
to be ~1.9 [32]. For the as-grown crystal shown as the orange curve in Fig. 1(c), we found a
broad absorption background extending from the UV range to about 1000 nm. We found this
background absorption to disappear by annealing in a reducing atmosphere (forming gas with a
composition of Hy:N» =5:95) at 1500°C for 15 h as seen in the blue curve in Fig. 1(c). From
this result, we conclude that the coloration was caused by an excess of oxygen in the growth
atmosphere, however, the origin of this coloration is still unclear. The second crystal, Tm3+ 3.1
at.%):YScO3, was grown under a continuous flow of argon to flush any residual oxygen out from
the furnace. As a result, the as-grown higher doped crystal exhibits the greenish color typically
found for Tm**-doped crystals and no further annealing was required for this boule.
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Fig. 1. Photographs of the as-grown (a) Tm>* (2.2 at.%):YScO3 and (b) Tm3* (3.1
at.%):YScOs3 crystals. (c) Transmission spectra of the as-grown (orange) and annealed in
reducing atmosphere (blue) Tm3+ (2.2 at.%):YScO3 crystal shown in Fig. 1(a) in the UV to
the near-infrared spectral region.

3. Spectroscopic characterization
3.1. Temperature-dependent absorption cross sections

To determine the absorption cross sections at different temperatures, we measured the temperature-
dependent transmission of light emitted by a tungsten-halogen lamp through our samples. The
wavelength selection of the transmitted light was performed with a monochromator (HORIBA,
M1000) and a closed-cycle helium cryostat (Advanced Research Systems, DE204) was used to
set the temperature of the sample. A photomultiplier tube (Hamamatsu, R5108) was used to
measure the signal at wavelengths between 720 nm and 850 nm (*Hg—>H,) and an InGaAs
biased-detector (Thorlabs, DET10D2) was used for detection between 1450 nm and 2050 nm
(*Hg—3F4). The absorption band around 790 nm is interesting for two-for-one pumping by
AlGaAs LDs or Ti:sapphire lasers, and the 1600 nm band can be utilized for in-band pumping by
InP LDs or Er fiber lasers.

The absorption cross sections were calculated by the Beer-Lambert law using the density of
Tm3* ions. The ion density was derived from the doping concentration of 2.2 at.% and the
lattice constant of 10.14 A, which were determined by ICP-OES measurements and powder X-ray
diffraction measurements, respectively. Figure 2 shows the resulting temperature-dependent
absorption cross sections of Tm3* (2.2 at.%):YScOs, which are in perfect agreement with the
results for higher doped sample. For both transitions (*Hg—>H, and *Hg—>F}), the absorption
cross section values at shorter wavelengths become pronounced at lower temperatures because of
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the corresponding thermal depopulation of the upper Stark levels of the ground-state multiplet.
This leads to a narrower absorption bandwidth at low temperatures. In the absorption band in
the 800-nm range shown in Fig. 2(a), there are three prominent peaks at 300 K with peak cross
sections of 2.5 x 10721, 2.8 x 10721, and 2.1 x 102! cm? at 773, 794, and 812 nm, respectively.
For the absorption band in the 1600-nm range seen in Fig. 2(b), the peak cross section found at
1620 nm is 3.6 x 107! cm? at 300 K. As expected, this peak absorption wavelength is between
the values of Tm3*:Y,03 and Tm3*:Sc,03 at 1634 nm and 1611 nm, respectively [25]. At 14 K,
the absorption at 1620 nm increases to 7.4 X 102! cm?, while the spectral bandwidth reduces
from ~70 nm to ~40 nm.
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Fig. 2. Temperature-dependent absorption cross sections of the Tm3+ (2.2 at.%):YScO3
crystal in (a) 800-nm (measured with a resolution of 1 nm) and (b) 1600-nm (measured with
a resolution of 3 nm) range.

The broad absorption bands even at 14 K evidence the inhomogeneous spectral broadening
caused by the disordered structure of the mixed sesquioxide crystals, as they are significantly
broader than those of, e.g., Tm3+—doped Y,03 at 40 K [33].

3.2. Temperature-dependent fluorescence lifetime

The temperature-dependent fluorescence lifetime of the *F4 multiplet responsible for the 2 um
laser emission was measured. To mitigate the influence of radiation trapping [34] resulting from
reabsorption of emitted photons due to the partial overlap of the emission and absorption spectra
of Tm3*:YScOs at 2 um [cf. Figure 2(b) and Fig. 4(a)], we prepared a Tm3* (2.2 at.%):YScO;
sample as thin as 270 pm for these measurements. The sample was excited by an optical
parametric oscillator (OPO, GWU-Lasertechnik, versaScan) delivering 5-ns pulses at a 10 Hz
repetition rate. We chose the excitation wavelength to be 1620 nm for in-band excitation to
exclude any influence of decay and/or population from other levels on the measured decay
curves. The fluorescence signal was detected by the InGaAs biased-detector and recorded by an
oscilloscope. Using the cryostat, we measured the lifetimes at temperatures between 14 K and
300 K. In addition, to evaluate the residual influence of radiation trapping in the thin sample, we
determined the intrinsic lifetime by applying the pinhole method [34,35] at room temperature.
To this end, we prepared a second sample of more than 2.5 mm thickness and used pinholes
with different diameters between 0.8 mm and 2.5 mm for these measurements. Since the setup
for the pinhole method is not compatible with the cryostat, we did not use this method for the
temperature-dependent lifetime measurements.

Figure 3(a) shows the typical fluorescence decay curve on a semi-logarithmic scale measured
at 14 K and 300 K. The narrow peak shortly after the excitation is caused by residual excitation
light, which could not be completely blocked by a long-pass filter. At 14 K we observed a
single-exponential decay curve; however, the decay curve at room temperature slightly deviates
from a single-exponential fit, which is attributed to the influence of activated energy migration
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between the optically active C; sites and the inversion symmetric and thus weakly optically active
and long living Cj; sites at higher temperatures [4]. The fluorescence lifetime was determined by
fitting in the range between 0.5 ms to 5.0 ms after the excitation. Figure 3(b) shows the resulting
temperature-dependent fluorescence lifetimes. The measured lifetime slightly decreased at lower
temperatures. The fluorescence lifetime measured using the thin sample at room temperature
amounts to 4.0 ms, which deviates only by 4% from the room-temperature fluorescence lifetime
of 3.83 ms determined by the pinhole method [cf. Figure 3(c)]. While this indicates a fairly
low influence of radiation trapping on all the fluorescence lifetime measurements using the thin
sample, the difference between the lifetimes at 300 K and 14 K found in Fig. 3(b) is on the same
order as the influence of radiation trapping. We thus conclude that the remaining variation with
temperature is caused by radiation trapping and that there is no thermal quenching of the 2 um
emission at room temperature in Tm>* (2.2 at.%):YScOs. This is explained by the sufficiently
large energy gap between the 3F,4 multiplet and the >Hg multiplet estimated to be ~4750 cm™!
from the longest-wavelength emission peak at 14 K [cf. Figure 4(a)]: The comparably low
maximum phonon energies of cubic sesquioxides (Y,03: 592 cm™!, Scr03: 669 cm™! [36])
prohibit any significant non-radiative multi-phonon decay [37].
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Fig. 3. (a) Fluorescence decay curves of the Tm3* (2.2 at.%):YScO3 at 300K (orange)
and 14 K (blue) and fit curves for 300K (red, dashed) and 14 K (dark blue, dashed). (b)
Temperature-dependent fluorescence lifetime measured using the thin-sample (blue) and
determined by the pinhole method (red). The red band indicates 95% confidence band of fit
for the pinhole method. (c) Fluorescence lifetime measured using pinholes with different
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Fig. 4. (a) Temperature-dependent emission cross sections of the Tm3+ (2.2 at.%):YScO3
crystal and gain cross sections at different inversion levels at (b) 300 K and (c) 100 K. Note
the different y-axis scale between (b) and (c).

3.3. Temperature-dependent emission and gain cross sections

The temperature-dependent fluorescence spectra around 2000 nm corresponding to the 3F4—3Hg
transition of Tm3* were measured using the monochromator, the InGaAs biased-detector, and the
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helium cryostat described above. We measured the fluorescence in the wavelength range from
1600 to 2300 nm with a spectral resolution of 3 nm which was sufficient to resolve all spectral
features. As an excitation source, we used a 780 nm LD with a spectral bandwidth of ~1 nm
(FWHM). We used again the 270 um thin Tm>* (2.2%):YScO3 sample shown to exhibit a
low influence of reabsorption for fluorescence measurements. The stimulated emission cross
sections o, were calculated from the fluorescence intensity spectra by the Fiichtbauer-Ladenburg
equation

1)

Oem(A) =
en(4) 8n2cT g / A()dA

ey

where /(1) is the measured fluorescence intensity, while n and 7,4 are the refractive index and the
radiative lifetime, respectively. For the radiative lifetime, we used the fluorescence lifetime value
of 3.83 ms derived in section 3.2, thus assuming no temperature dependence and the absence of
non-radiative decay.

Figure 4(a) shows the temperature-dependent emission cross sections. The emission peak
values at 300 K are 6.8 x 107! cm? and 2.2 x 102! cm? at 1949 nm and 2099 nm, respectively.
The corresponding spectral bandwidths of the peaks are 96 nm and 110 nm (FWHM). With
decreasing temperature, the fluorescence peaks at shorter wavelengths decrease due to the
depopulation of the upper Stark levels of the F4 multiplet. The peak emission cross sections
increase to 1.7 x 1072 cm? and 3.7 x 107! cm? at 1945nm and 2103 nm, respectively, and
the corresponding spectral bandwidths decrease to 54 nm and 52 nm at 14 K. Thus, also the
emission peaks of Tm3*+:YScO; are shifted to values in-between those of Tm3*:Y,053 (1933 nm
and 2048/2072 nm [25]) and Tm3*:Sc,03 (1972/1992 nm and 2115/2148 nm [4]). Compared
with the pure sesquioxides, the spectra are less structured and the FWHM spectral bandwidth is
broader.

We also calculated the gain cross sections o gy using the equation

O gain = BOem — (1- ,B)O-ahs (@)

where S is the inversion level, i.e., the fraction of ions in the excited state, and o e, and o aps are
the stimulated emission and absorption cross sections, respectively. The calculated gain cross
sections at 300 K for different inversion levels are shown in Fig. 4(b). The gain spectra are broad
and flat, and particularly for low inversion levels, laser operation in the water-vapor-absorption
free range beyond 2000nm is possible. This gain profile should enable broad wavelength tunability
and support ultrashort pulse generation. Figure 4(c) shows the calculated gain cross sections at
100 K. Compared to the room-temperature spectra, the gain at the same inversion level is increased
due to the higher emission cross sections. Moreover, the gain even extends to wavelengths below
1850 nm owing to the reduced absorption in this range at lower temperatures [cf. Figure 2(b)],
while the spectra are still fairly broad and smooth. These features are of high relevance for
ultrafast laser amplification toward higher average and peak powers: A cryogenically cooled
Tm3*:Y,0; ceramics amplifier reached a peak power of 45 kW at a pulse duration of 30 ns and a
repetition rate of 10 Hz [22]. However, the narrow gain of Tm3*:Y,05 at low temperatures does
not support fs-pulse durations. Cryogenically cooled Tm3*:YScO3 mixed sesquioxide amplifiers
could overcome these limitations and enable to reach new realms of ultrafast laser pulses in the
2-um spectral range.

4. Laser experiments

To explore the potential of Tm3*:YScO; for 2-um laser operation, we performed cw laser
experiments in a short laser resonator. The experimental setup is shown in Fig. 5. We used a
plane-concave (R =50 mm) linear cavity with a length of 48 mm. As the gain media, a 6-mm
thick Tm?* (2.2 at%):YScO3 crystal and a 4-mm thick Tm3*:(3.1 at.%):YScO3 crystal, both
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remaining uncoated, were prepared. The crystals were mounted on water-cooled copper holders.
We used a single-emitter C-mount LD with a maximum output power of 3 W at a wavelength
around 780 nm (Roithner Lasertechnik GmbH, RLT785-4WC) as a pump source for two-for-one
pumping. The LD has an emitter area of 200 x 1 um? (sagittal X tangential), consequently, the
beam quality factor M? is about 28 and 1 for the sagittal and tangential planes, respectively. To
account for this, the pump beam was shaped by a series of lenses and focused to ~220 X 60 pum?
on the gain medium. To characterize the laser performance, five different output couplers (OCs)
with transmissions of 1.0%, 3.2%, 4.0%, 5.0%, and 8.7% were used. The pump absorption varied
depending on the incident pump power level because the operating wavelength of the LD changed
from 775 nm to 777 nm with increasing power. Under lasing conditions, the corresponding pump
absorption efficiency reduced from 63% to 57% for the 6-mm thick Tm>* (2.2 at.%):YScO3
sample and from 60% to 53% for the 4-mm Tm?>*:(3.1 at.%):YScO3 sample.

AL CL CL SL )
f=6.24 =6.4 =80 =75 Tm:YScO,
Lo =<HHHP—H—M
I Fast axis PM oc
Slow axis (flat) (R=50 mm)

Fig. 5. Experimental setup of the cw Tm3*:YScOj3 laser (LD: laser diode, AL: aspherical
lens, CL: cylindrical lens, SL: spherical lens, PM: pump mirror, OC: output coupler).

Figure 6(a) shows the laser output power versus absorbed pump power of the Tm3* (2.2
at.%):YScOj3 laser with different OCs. Using the lowest OC transmission of 1.0%, laser operation
was obtained at a threshold absorbed pump power of only 250 mW. With increasing OC
transmission, the slope efficiency increased and the best value of 35% at a maximum output power
of 500 mW was obtained using the 4.0% OC. For higher OC transmissions of 5.0% and 8.7%,
the slope efficiency dropped, which indicates inversion-dependent loss processes. Figure 6(b)
shows the laser spectra recorded using an upconversion spectrometer (NLIR, S2050-130-hr) with
a spectral resolution of 4 cm™'. For all OCs the laser wavelengths were centered around 2100 nm
[see Fig. 6(b)]. The laser spectra exhibit distinct peaks in the emission range. However, not all
of the peaks were resolved owing to the limited resolution of our spectrometer. This structured
emission profile would be owed to etalon effects caused by the length of the plane-parallel
crystal facets and their distance to the cavity components. In addition, this broad laser emission
bandwidth is typical for lasers based on inhomogeneously broadened gain materials [38,39].
The minor deviations are attributed to the particular coating of the OC mirrors used in these
experiments. However, no shift of the emission wavelength to values below 2000 nm was
observed, which indicates that the laser operated at moderate inversion levels below 7.5% in all
experiments [cf. Figure 4(b)].

Figures 6(c, d) show the output characteristics and the free running spectra of the Tm>* (3.1
at.%):YScOs laser. Using the lower transmission OCs, higher slope efficiencies were obtained
compared with the Tm3* (2.2 at.%):YScOs laser. This indicates a more pronounced cross
relaxation owing to a closer average distance between the Tm3* ions at the higher doping levels.
The highest slope efficiency of 45% and the maximum output power of 422 mW were obtained
using the 4.0% OC. The Stokes limit resulting from the ratio of pump and laser photon energies
was only 37%, hence the 45% slope efficiency evidences a quantum efficiency higher than
unity enabled by the cross-relaxation process. However, in the higher doped crystal, the laser
performance strongly degraded already with the 5.0% OC and laser operation could not be
obtained using the 8.7% OC. This may be explained by the closer average distance between
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Fig. 6. Laser characteristics and free running laser spectra for different OCs of (a, b) the
Tm?3 " (2.2 at.%):YScO3 laser and (¢, d) the Tm3* (3.1 at.%): YScOj laser.

excited ions also featuring detrimental energy transfer processes at high inversion levels. The
center wavelengths were almost identical compared with the Tm>* (2.2 at.%):YScOs3 laser for
each OC. These laser efficiencies are higher than those obtained with any Tm**-doped mixed
sesquioxide ceramic lasers [25,40], but they fall behind the slope efficiencies of 55% and 59%
obtained with Tm:LuScO3 and Tm:Lu,Os crystals, respectively, which we attribute to the strong
internal stress in our crystals.

5. Summary

We investigated the spectroscopic properties and the laser characteristics of the novel mixed
sesquioxide gain material Tm>*:YScO;. For the first time, cm3-scale laser-quality crystals
were grown by the Czochralski method from iridium crucibles. In temperature-dependent
spectroscopic investigations, we confirmed the absence of non-radiative relaxation processes
from the upper laser level in a Tm®* (2.2%)-doped YScOj; crystal. The disordered nature of the
mixed sesquioxide host matrix features a broadening of the absorption, which facilitates diode
pumping. The corresponding broad and flat emission spectrum is promising for the generation
of sub-50-fs pulses centered at wavelengths beyond 2 pm in mode-locked laser operation. In
addition, due to the inhomogeneous broadening mechanism, the spectral bandwidth remains
broad even at cryogenic temperatures. This indicates that Tm3*:YScOj is a suitable host material
for the generation of ultrashort pulses with high average and/or peak power using cryogenic
amplifier technology.

Finally, we demonstrated the first diode-pumped cw Tm3*:YScOj3 lasers. Slope efficiencies of
up to 45% were achieved using a Tm>* (3.1 at.%):YScOj3 crystal at 4.0% of OC transmission
with an output power up to 0.5 W at 2.1 um. Our laser experiments show that Tm3*-doped
mixed sesquioxide crystals have a huge potential for highly efficient and ultrafast lasers in the
water-vapor-absorption free 2.1-um wavelength range. The possibility to grow these materials by
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the Czochralski method is an important step toward a future commercial availability of mixed
sesquioxides.
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